Thermal crystallization experiments carried out using calorimetry on several a-Si:H materials with different microstructures are reported. The samples were crystallized during heating ramps at constant heating rates up to 100 K/min. Under these conditions, crystallization takes place above 700°C and progressively deviates from the standard kinetics. In particular, two crystallization processes were detected in conventional a-Si:H, which reveal an enhancement of the crystallization rate. At 100 K/min, such enhancement is consistent with a diminution of the crystallization time by a factor of 7. In contrast, no systematic variation of the resulting grain size was observed. Similar behavior was also detected in polymorphous silicon and silicon nanoparticles, thus showing that it is characteristic of a variety of hydrogenated amorphous silicon materials.
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Thermal crystallization experiments carried out using calorimetry on several a-Si:H materials with different microstructures are reported. The samples were crystallized during heating ramps at constant heating rates up to 100 K/min. Under these conditions, crystallization takes place above 700°C and progressively deviates from the standard kinetics. In particular, two crystallization processes were detected in conventional a-Si:H, which reveal an enhancement of the crystallization rate. At 100 K/min, such enhancement is consistent with a diminution of the crystallization time by a factor of 7. In contrast, no systematic variation of the resulting grain size was observed. Similar behavior was also detected in polymorphous silicon and silicon nanoparticles, thus showing that it is characteristic of a variety of hydrogenated amorphous silicon materials.
Crystallization of amorphous silicon (a-Si) is a subject that has been studied extensively during the last three decades. It improves the electrical conductivity substantially, 1 making the resulting polycrystalline silicon useful for a number of applications, such as thin film transistors (TFT), liquid crystal displays (LCD), and image sensors. 2 The kinetics of this process follows the nucleation and growth steps with rate constants characterized by transmission electron microscopy. [3] [4] [5] [6] The relative values of nucleation and growth rates determine the final grain size that can be controlled through the crystallization temperature or by ion irradiation during crystallization. 4 The temperature range in the published results seldom extends above 700°C because of the difficulty in reaching the isothermal conditions without any incipient crystallization taking place during the heating ramp. This difficulty is partially overcome by calorimetric experiments where the material is heated at a constant rate.
From the heat that evolves the crystallization rate can be obtained. Kinetic studies using calorimetry have only been performed during the epitaxial crystallization of thin a-Si films obtained from rapid solidification. 7 With the exception of our preliminary work, 8 no systematic studies on hydrogenated a-Si (a-Si:H) have been published. In this paper we extend the temperature range during the heating ramps above 700°C up to 100 K/min. Under these conditions, an unexpected and substantial enhancement of the crystallization rate was observed. Besides the intrinsic interest of characterizing a new phenomenon, our study can be useful to understand the crystallization that occurs during rapid thermal annealing (RTA) processes. 1 Three samples have been grown by plasma-enhanced chemical vapor deposition (PECVD). The first one (a-Si:H) is a device-quality material of composition Si 1 H 0.12 , grown from a pure silane plasma. The second one (pm-Si:H), with a higher H-content (Si 1 H 0.16 ), corresponds to a new grade of amorphous silicon, called "polymorphous silicon," obtained from silane diluted in hydrogen to 2%. A number of structural analyses have revealed that polymorphous silicon has a higher degree of medium-range order than the conventional amorphous material. 9, 10 Both samples have been deposited onto the walls of the reaction chamber, which was maintained at 250°C during 10 h. This long deposition time results in thick layers of around 10 m. The third sample consists of hydrogenated silicon nanoparticles (np-Si:H). They were grown in a pure silane plasma at room temperature (for details see Ref. 11). The typical particle diameter ranges from 20 to 100 nm. These particles are very reactive with oxygen 12 and become partially oxidized when in contact with air at room temperature. Therefore, they are in fact an amorphous suboxide of hydrogenated silicon. By making an elementary analysis, complemented with the mass gain measured after complete oxidation, 13 their composition was determined to be Si 1 H 0.45 O 0.15 .
Thermal crystallization was carried out inside the cylindrical furnace of a differential thermal analyzer (DTA) at several constant heating rates ranging from 25 to 100 K/min in argon. Small amounts of the sample (<10 mg) were introduced in an alumina pan with a 6-mm diameter. The pan was sustained near the axis of the furnace over a thin platinum disk. A thermocouple measured the temperature at the underside of the disk. Any exothermic reaction results in a slight increment of the measured temperature compared to the programmed one. This difference (the DTA signal) is proportional to the heat power, which can be determined after proper calibration. For this purpose, we measured the melting peaks of highly pure aluminum and silver samples under the experimental conditions. Due to the time response of the apparatus (about 10 s), the crystallization peaks become broader and are shifted to higher temperatures. This effect has been corrected by standard procedures in all the results reported in this paper. The peak positions can be established within an error bar narrower than ±2°C. The reliability of the thermal signal has been tested by repeating the experiment at 100 K/min with a platinum pan. In spite of the differences in heat transport from the sample to the thermocouple, compared with the alumina pan, the crystallization peak was identical. Finally, one additional experiment was done with a conventional furnace around 750°C. The sample was introduced inside the furnace where its temperature increased very quickly until an isothermal period was reached. A thermocouple measured the evolution of the pan temperature. In this experiment, the heating rate near the isotherm was higher than 200 K/min, and the sample remained at 741°C for less than 15 s.
In all the experiments, an exothermic peak appears above 700°C. For the a-Si:H sample, an average enthalpy of 14.0 J/g was obtained which is slightly higher than the reported values of the crystallization enthalpy 7 (11.9 ± 0.7 J/mol). At a lower heating rate of 2.5 K/min, the thermogram measured by differential scanning calorimetry (DSC) gave an enthalpy of 10.9 J/mol. The higher value obtained by DTA probably reflects the lower accuracy of this semiquantitative technique. In Fig. 1 , several representative DTA thermograms of a-Si:H are plotted. Two features should be noted: (i) although crystallization is a thermally activated process, the peaks at 40 and 100 K/min appear at similar temperatures and (ii) a low-temperature component becomes more relevant at higher heating rates. Figure 2 is the conventional Kissinger plot for crystallization at the constant heating rates 14 of our measurements (symbols). In addition, from the values of the kinetic parameters that are broadly accepted [4] [5] [6] 8 corrresponding to homogeneous nucleation, the solid line predicts the expected behavior for a three-dimensional (3D) crystallization process. Below 25 K/min, the agreement is excellent for a very large range of heating rates (see the whole set of measurements in Ref. 8 ) that corresponds to a temperature range from 600 to 720°C. Above 25 K/min, the experimental points clearly deviate from the values expected according to linear extrapolation. At 100 K/min, crystallization should occur at 771°C (Fig. 1) . That is, 38°C above the experimental peak temperature. In Fig. 2 the results for pm-Si:H and np-Si:H are also included. In both materials the same behavior is clearly observed: as the heating rate increases, the crystallization peak appears at a temperature that is lower than expected.
Before discussing the physical origin of this anomalous crystallization behavior, let us analyze the result obtained in the experiment carried out with the conventional furnace. According to the standard kinetics, after 15 s at 741°C, the crystalline fraction should be of 2.2%. The actual experimental value was 87%. Therefore, the enhancement of the crystallization rate is confirmed by this independent experiment.
FIG. 1.
Thermograms showing the crystallization peaks of the a-Si:H sample at several heating rates. Except the peak at 14 K/min, which was measured by DSC, the peaks have been measured by DTA. The dotted curve corresponds to the crystallization peak calculated with the standard crystallization parameters.
The anomalous behavior, identified in the Kissinger plot of Fig. 2 , can be interpreted either in terms of an unexpected enhancement of the nucleation (r n ) or of the growth (r g ) rates. In Avrami's elementary crystallization model, 8 the crystallization time, t c , in the normal regime is given approximately by
where 4 r g ‫ס‬ .8 10 13 e −3.1eV/kT (m/s) and r n ‫ס‬ .15 × 10 26 e −5.3eV/kT (m −3 s −1 ) and T is the peak temperature. In view of Fig. 2 the thermogram at 14 K/min follows the standard kinetics with a peak temperature of 722°C. For the experiment at 100 K/min the enhanced values of r g and r n can be modeled by the constants A and B, respectively
where the peak temperature is now 734°C. The experimental results in Fig. 1 indicate that the width at half maximum of the 14 K/min peak is similar to that of the high temperature peak of the 100 K/min thermogram (⌬T ‫ס‬ 15°C). This means that the crystallization time at 100 K/min is reduced by a factor of 100/14 ≈ 7 t c ͑100 Kրmin͒ ≈ t c ͑14 Kրmin͒ր7 .
Introducing Eqs. (1) and (2) into (3) delivers the following relationship
for the enhancement factors. It is possible to know the relative variation of the growth and nucleation rates by looking at the grain size. According to Ref. 5 , for a 3D crystallization, the grain diameter is given by
In Fig. 3 , the grain size at 100 K/min is known to be equal to that obtained at lower heating rates. One concludes, then, that A ≈ B and, from Eq. (4) one obtains an enhancement factor of 4.0 at 100 K/min.
Most of the experiments so far published reporting crystallization times shorter that expected are concerned with heterogeneous nucleation on surfaces 4 or on preexisting nuclei in bulk. 4, 15 In our case, this explanation must be discarded for two reasons. First, it does not explain why the growth rate increases, too. Second, in contrast with our results, the contribution of heterogeneous nucleation would be more important at low temperature.
Once the kinetics of the anomalous crystallization has been characterized, we will analyze the possible influence that structural relaxation could have on our crystallization results. In contrast with crystallization, structural relaxation is a homogeneous structural transformation. This means that, as a result of relaxation, no new phase appears, but the amorphous phase evolves continuously towards states of lower energy. If heating is fast, then relaxation could result in local deviations from the mean relaxation rate. Thus, small nanometric regions could have a higher energy than their surroundings and become nuclei that could initiate crystallization more quickly than if the material were more homogeneous. To test this hypothesis, the following experiment was carried out. The a-Si:H sample was previously heated at a moderate rate (20 K/min) up to the crystallization threshold (660°C) and then cooled quickly. In this way, we made sure that the amorphous state was relaxed homogeneously. This pre-heated sample then crystallized at 100 K/min. The result is shown in Fig. 4 and compared with the crystallization of the as-grown sample. The most apparent difference is the absence of the low-temperature component. Therefore, we can relate this crystallization process with inhomogeneous relaxation. We came to the same conclusion after carrying out isothermal crystallization experiments at 670°C on the same sample. 8 A crystallization peak appeared at shorter times than expected and became more apparent when the isothermal period was reached after high heating rates. The double peak observed in the as-grown sample indicates that the crystal grains formed at lower temperatures do not crystallize the whole volume of the sample, but on the contrary, their growth slows down before complete crystallization is achieved. This phenomenon has already been reported in the literature 16 for crystallization of a-Ge:H. In accordance with our results, the total heat that evolved was the same (i.e., the crystallization enthalpy) for the double-peak as well as for the single-peak thermograms.
Finally, we return to the main crystallization peak. After pre-heating, the sample crystallizes with a single peak that almost coincides with the high-temperature component of the as-grown sample and is similar to the peak corresponding to the as-grown polymorphous sample (Fig. 4) . Therefore, it is difficult to ascribe the enhancement of the crystallization rate of the high temperature component to the inhomogeneous relaxation mechanism. Although the standard kinetic parameters used to plot the solid line in Fig. 2 are consistent with experiments done on a variety of materials (hydrogenated LPCVD 6 and PECVD 8 and dehydrogenated a-Si 4, 5 ) , very few experiments have tested their validity at T > 700°C. To our knowledge, only Spinella et al. 4 have measured the kinetic parameters above this temperature (at 740 and 780°C), and they agree with the standard kinetics. Our anomalous results at these high temperatures could be due to the differences in sample structure (hydrogenated versus dehydrogenated), on the thermal conditions (constant heating rate versus isothermal), or on a combination of both. It is well known 4 that both nucleation and growth rates increase with the concentration of defects (dangling bonds). During high heating rates, the defect density in hydrogenated materials resulting from thermal dehydrogenation can be anomalously high because the time left for their recombination becomes shorter. This effect would be more important during heating than under isothermal conditions.
In conclusion, two anomalous crystallization processes were detected in hydrogenated amorphous silicon, which result in an overall enhancement of the crystallization rate. On one hand, inhomogeneous relaxation of the amorphous network explains the appearance of a lowtemperature crystallization process. On the other hand, the enhancement of the crystallization rate could be related to the transient high density of defects that arise from dehydrogenation at the high heating rates of the experiments.
